A pulse clean technique in time domain combining noncollinear optical-parametric amplification and second-harmonic generation is demonstrated. The measurement-limited >10 10 temporal contrast ratio of the 0:5 mJ=40 fs pulse near 800 nm is obtained over a large temporal range extending from <1 ps before the main pulse. The contrast ratio enhancement as fourth power of the initial contrast is demonstrated. The total efficiency is >6% for the 8:2 mJ=40 fs initial incident femtosecond pulse. © 2011 Optical Society of America OCIS codes: 140.7090, 190.4410, 190.7110. With the development of chirped pulse amplification (CPA) technology, the terawatt, even petawatt femtosecond laser systems have been built up broadly, and the peak power density of the ultrafast laser has reached the 10 22 W=cm 2 level, which will exceed 10 24 W=cm 2 possibly in the near future [1, 2] . Under the high-focused intensity, the laser pulse temporal contrast ratio, defined as the ratio of the maximum intensity in the main pulse to the level of pedestal or prepulse, should be controlled to prevent preionization of the target. Because of the laser fluorescence in the CPA systems or the parametric fluorescence in the optical-parametric chirped pulse amplification (OPCPA) systems, the typical contrast ratio for femtosecond laser systems is 10 7-8 within approximately 100 ps before the main pulse. In a general experiment of laser-matter interactions, the 10 10 W=cm 2 prepulse or the amplified spontaneous emission pedestal with even fewer picoseconds before the main pulse is strong enough to produce preplasma before the main pulse reaches the target and destroys the experimental result [3] . Therefore, it is necessary to develop the pulse clean technique in a high-power laser to satisfy the experimental requirement. Further, the contrast ratio should be improved with the increasing intensity of the laser pulses.
With the development of chirped pulse amplification (CPA) technology, the terawatt, even petawatt femtosecond laser systems have been built up broadly, and the peak power density of the ultrafast laser has reached the 10 22 W=cm 2 level, which will exceed 10 24 W=cm 2 possibly in the near future [1, 2] . Under the high-focused intensity, the laser pulse temporal contrast ratio, defined as the ratio of the maximum intensity in the main pulse to the level of pedestal or prepulse, should be controlled to prevent preionization of the target. Because of the laser fluorescence in the CPA systems or the parametric fluorescence in the optical-parametric chirped pulse amplification (OPCPA) systems, the typical contrast ratio for femtosecond laser systems is 10 7-8 within approximately 100 ps before the main pulse. In a general experiment of laser-matter interactions, the 10 10 W=cm 2 prepulse or the amplified spontaneous emission pedestal with even fewer picoseconds before the main pulse is strong enough to produce preplasma before the main pulse reaches the target and destroys the experimental result [3] . Therefore, it is necessary to develop the pulse clean technique in a high-power laser to satisfy the experimental requirement. Further, the contrast ratio should be improved with the increasing intensity of the laser pulses.
Many pulse clean techniques, such as saturable absorbers [4, 5] , nonlinear ellipse rotation (NER) [6] [7] [8] , cross-polarized wave (XPW) generation [2, 9, 10] , and optical-parametric amplification (OPA) [11] [12] [13] [14] [15] , have been developed to improve the pulse contrast efficiently. Generally, the contrast improvement achievable with the pulse clean techniques based on saturable absorber and NER is limited to about 2 orders of magnitude. The pulse cleaner based on XPW generation has been practically developed and applied in ultrashort, ultraintense laser systems. However, in this method the contrast enhancement is limited by the extinction ratio of the polarization discrimination device [2] . OPA is one of several second-order nonlinear optical processes ðχ ð2Þ Þ. A group in Australia [12] has shown that the intensity-contrast ratio of the laser pulse can be enhanced from R to ∼R 3 by combining second-harmonic generation and OPA. Recently, OPA was shown to be an efficient method for improving the contrast ratio to 10 10-11 (instrument limit) and to be useful as the front end of the high-power laser with 1 μm working wavelength [11, 15] .
In this Letter, a pulse clean technique combining noncollinear optical-parametric amplification and second-harmonic generation (SHG) is demonstrated. 0:5 mJ=40 fs pulses near 800 nm with the detectionlimited level >10
10 temporal contrast ratio are obtained over a large temporal range extending from a few picoseconds before the main pulse. By introducing a reference pulse, the contrast ratio improvement as fourth power of the initial contrast is demonstrated experimentally. The total efficiency is about 6% for 8:2 mJ=40 fs initial incident femtosecond pulse.
In this technique, the wavelength of the laser pulse is converted from 800 to 1600 nm by OPA process and restored to 800 nm by SHG. To estimate the contrast ratio of the cleaned pulses, we assume that the incident pulse has a relatively low intensity contrast ratio R. In the OPA system, the signal pulse of the first noncollinear OPA (NOPA) stage has the same contrast ratio R as the initial pulses because I S ∝ I in , where I in , I S referring to the intensities of the initial pulses and the signal pulses of the first NOPA stage, respectively. When the signal pulse of the second NOPA stage is the amplified idler pulses of the first NOPA stage, its intensity in the small-signal condition should be ∝ I S I P ∝ I 2 in , where I P is the intensity of the pump pulse of the second NOPA stage. Thus the contrast ratio of the signal pulse of the second NOPA stage is R 2 and the contrast ratio of the cleaned pulse after the SHG process should be R 4 . The pulse clean scheme is shown in Fig. 1 . The linearly polarized initial pulses are injected to a tunable two-stage noncollinear OPA system [16] . The OPA system consists of three parts: (i) a white light continuum (WLC) generation stage driven by the Ti:sapphire laser pulses, generating broadband seed pulses; (ii) a Ti:sapphire laser-pumped WLC-seeded IR OPA stage, generating broadband idler pulses; and (iii) a Ti:sapphire laserpumped IR OPA stage seeded by the reshaped idler pulses. The idler pulses of the first noncollinear OPA (NOPA) stage are used as seeds for the second NOPA stage to eliminate the satellite pulses more efficiently. The central wavelength of the output pulse from the noncollinear OPA system is tuned to twice the wavelength of the incident laser and then the infrared pulses' frequency doubles by passing through an SHG crystal. Several dichroic mirrors are used to separate the second-harmonic pulses from the infrared pulses completely. At last, the second-harmonic pulses pass a half wave plate (zeroorder) and its polarization state is rotated just parallel to that of the incident laser.
Our cleaning experiments were carried out on a commercial Ti:sapphire femtosecond laser (Coherent LE-GEND-HE-Cryo) providing the maximum 10 mJ pulses at 800 nm with 1 kHz repetition rate and ∼40 fs pulse duration. In our experiment, 8:2 mJ has been used as the linearly polarized incident laser. The maximum parametric conversion efficiency in the final NOPA stage is above 40%, and the tunable range of the OPA output is 1:2 − 2:4 μm. When the central wavelength of the output pulses is at 1:6 μm, the energy of the infrared pulses is above 1:6 mJ. The SHG crystal is a 0:3 mm β-BaB 2 O 4 plate (θ ¼ 19:8°, φ ¼ 0°) and two dichroic mirrors are used to separate the second-harmonic (800 nm) pulses and the 1:6 μm pulses. With the input energy of 8:2 mJ, we succeeded in producing a clean pulse with the energy of the above 0:5 mJ. Thus, the total energy conversion efficiency of the whole pulse cleaner is 6.1%. It is quite small compared to 20%-30% for XPW. Although using longer doubling crystal can increase the efficiency, it will introduce temporal distortion.
We measured the contrast ratios of the initial pulse and the cleaned pulse by a commercial third-order cross correlator (Amplitude Technologies, Sequoia). Figure 2 presents the comparable contrast ratio curves. We blocked the pulses with the time delay of −61 ps during the contrast measurement of the initial pulse to indicate the measurement dynamic range limit of Sequoia. No pedestal is observed in front of the main pulse down to 10 orders of magnitude below the peak of the main pulse. We plot the fourth power of the input pulse for comparison in Fig. 2(b) . Note that the contrast enhancement here is less than R 4 (which corresponds only to the small-signal limit) in the main pulse. This is because the intensity conversion saturates at the peak of the main pulse. At 22 ps after the main pulse, there is a strong postpulse whose intensity is 2:9 × 10 −3 (normalized, R) in the initial pulse, which is introduced by multireflection of a thin glass plate as a reference pulse. After the pulse clean system, the intensity is 4:5 × 10 −11 at the same time delay, lower than 10 −10 (∼R 4 ). The experimental result coincides well with the qualitative analysis above. The pulse duration of the initial pulse and the cleaned pulse are measured by a single-shot autocorrelator, which is shown in Fig. 3 . It is found that the cleaned pulse is not stretched significantly. Before and after the cleaner, the pulse duration stays almost the same (about 40 fs). In the frequency domain, the spectrum from our pulse cleaner is broader than that of the initial pulse, and it corresponds to a shorter transform-limited pulse duration. Figure 4 shows the comparable spectra curves of the initial pulse and the cleaned pulse. The increase in the spectral width could be attributed to the spectral reshaping in the NOPA process. The slight decrease in the short-wave side could be caused by a group-velocity mismatch in NOPA. We measured the energy stability of the system. Within 1 h, the energy fluctuations (rms) of the incident pulses and the output pulses were 0.2% and 1.2%, respectively. The cleaned laser pulses are suitable to be used as seeds for an ultraintense, ultrafast laser system.
In this pulse clean technique, the idler pulses are used as seeds after spatial pulse shaping. The SHG process is used to improve the pulse contrast ratio further. Moreover, different from the pulse clean technique based on the OPCPA process [17] , the time window of the pulse clean based on OPA is determined by the pulse duration of NOPA pump femtosecond pulses. Therefore, the measurement-limited >10 10 contrast ratio is obtained over a large temporal range extending within < 1 ps of the peak of the 800 nm pulse (shown in Fig. 2) . At the same time, when the wavelength of the OPA system is tunable in 1:2 − 2:4 μm, this clean technique can be applied in the contrast ratio improvement for femtosecond laser systems with different working wavelengths in 0:6 − 1:2 μm, specifically for the 800 nm Ti:sapphire laser system and 1053 nm Nd:glass laser system. In summary we demonstrated at 800 nm working wavelength a pulse clean technique based on a tunable noncollinear optical-parametric amplification and second-harmonic generation. The cleaned pulse with a measurement-limited temporal contrast ratio >10 10 over a large temporal range extending from < 1 ps before the main pulse is obtained. The total energy efficiency is >6%. By introducing a reference pulse, we demonstrated that the contrast ratio of the pulse can be enhanced as fourth power of the initial contrast. This technique is a good candidate for high-contrast front ends for largescale high-power femtosecond laser systems.
